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The validity of cardiac nuclear magnetic resonance im-
aging for determination of left ventricular myocardial
mass was evaluated in nine dogs. A gated spin echo-
pulsing sequence was used for in vivo imaging, obtaining
0.7 em thick slices ofthe heart spaced by 1 em, On each
imaged slice, the left ventricular surface area was re-
producibly determined by planimetry and was multi-
plied by slice spacing and specific gravity of the myo-
cardium (1.05) to obtain slice mass. Total left ventricular
mass was calculated by adding slice masses in short-axis
(method I), transaxial (method II) and vertical long-axis
(method III) orientations using Simpson's rule. With
each method, masses of the portions of the left ventricle
subject to partial volume effect either were not accounted
for or alternatively were estimated from the same or an
orthogonal imaging plane. Calculated left ventricular
mass was compared with the actual excised left ventric-
ular weight.
With NMR imaging of in situ nonbeating hearts, best
Left ventricular myocardial mass is affected by a variety of
ischemic and nonischemic cardiac disease processes, and
its assessment may yield important information. In ischemic
heart disease, prognosis is likely to be related to the percent
of viable left ventricular mass, a measurement that requires
quantification of total left ventricular myocardial mass.
Quantification of left ventricular mass may also be useful
in diagnosing left ventricular hypertrophy and in assessing
the effects of therapeutic interventions. In 1928, Smith (l)
devised a method for estimation of the weight of the normal
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results were obtained when either method I or method
II was used and partial volume effect was estimated
either from the same or an orthogonal plane. With in
vivo NMR imaging, best results were noted when method
I was used and mass of the partial volume apex was
calculated from transaxial slices: Y (in vivo NMR image)
= 8.3 + 0.99X, r = 0.996, SEE = 3.14. For this
method, the interobserver reliability coefficient and
standard error of the measurement were 0.97 and 5.4,
respectively. Compared with method I, in vivo methods
II and III were associated with larger errors (SEE rang-
ing from 13.03 to 19.03) regardless of the approach used
to estimate partial volume effect.
It is concluded that NMR imaging is a highly accurate
noninvasive method for in vivo measurement of left ven-
tricular mass in dogs and offers promise for accurate
measurement of left ventricular mass in patients.
(1 Am Coll CardioI1987;10:682-92)
heart from body size and age in humans and showed the
relation between left ventricular mass and total heart weight.
In 1964, Rackley et al. (2) reported a method for deter-
mination of left ventricular mass in humans using biplane
contrast left ventriculograms and the formula for the volume
of an ellipsoid (3). Subsequently, several investigators (4-6)
demonstrated that noninvasive measurements of left ven-
tricular internal dimensions and wall thickness by M-mode
echocardiography were similar to measurements made in-
vasively by contrast left ventriculography. Using various
assumptions for left ventricular shape, M-mode echocardi-
ography was then shown to correlate well with contrast left
ventriculography for left ventricular mass measurements (6-9).
However, the reliability of one-dimensional M-mode echo-
cardiography to derive three-dimensional left ventricular
volume and mass data has been questioned (l0-13).
Although two-dimensional echocardiography, combined
with geometric assumptions for left ventricular shape, has
been shown to be reliable (14) and better than M-mode
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echocardiography (13) for the determination of left ventric-
ularmass, Wyattet al. (15) showed that the useof Simpson's
rule resulted in a more reliable left ventricular mass mea-
surement in the dog than did six other possible geometric
assumptions. This finding was subsequently corroborated
by Helak and Reichek (16) in postmortem in vitro human
hearts, However, two-dimensional echocardiography using
Simpson's rule is not ideally suited to the task of in vivo
calculation of left ventricular mass because in vivo two-
dimensional echocardiography is not truly tomographic and
echocardiograms have suboptimal quality in a sizable pro-
portion of patients,
In the early 1970s, Lauterbur (17) and Damadian (18)
demonstrated the feasibility of proton nuclear magnetic res-
onance (NMR) imaging. More recently, proton NMR im-
aging has been shown to provide true tomographic, high
resolution images of the heart (17-23 ). This study was un-
dertaken to develop methods for the noninvasive quantifi-
cation ofle ft ventricular mass by gated protonNMRimaging
and to experimentally validate them with respect to: I) left
ventricular myocardial mass determination in the nonbeating
heart, 2) left ventricular myocardial mass determination in
the beating in vivo heart, and 3) interobserver variability of
the measurements.
Methods
Study protocol. Nine mongreldogs of either sex, weigh-
ing 8 to 22 kg, were studied. Animals were anesthetized
by I mg/kg of morphine sulfate and 2 mg/kg of pentobarbital
intravenously. Additional intravenous doses of phenobar-
bital weregiven as needed to suppress the blink reflex. With
this method of anesthesia, spontaneous breathing was main-
tained and, thus, a ventilator was not required during the
imaging period. Animalswere then placed insidethe magnet
in the left lateral decubitus position, and in vivo images of
the beating heart were obtained according to the protocol
described in the next section. On completion of in vivo
imaging, the animals were killed with an intravenous in-
jection of 30 mg potassium chloride. Subsequently, images
of the nonbeating heart were obtained in situ. The heart was
then excised, and the left ventricle was isolated by cutting
out the right ventricle, the atria, the great vessels and the
valve structures. The left ventricular cavity was then thor-
oughly cleaned of postmortem clots, and the isolated left
ventricular myocardium was weighed.
Imaging protocol. In vivo and in situ images were ob-
tained in the following orthogonal planes: I) planes parallel
to the sagittal plane of the dog' s body, which resulted in
cardiac images that were approximately parallel to the long
axis of the left ventricle (vertical long-axis cuts); 2) tran-
saxiaI planes perpendicular to the long axis of the body
(transaxial cuts); and 3) coronal planes with respect to the
dog's body, resulting in cardiac images that were approx-
imately perpendicular to the long axis of the left ventricle
(short-axis cuts) (Fig. I). The orientation of the dogs' heart
in the chest is such that its long axis runs somewhat caudal
and to the left and, thus, it makes an angle with respect to
both sagittal and transverse planes. These two angles were
determined in each dog (Table 1). On the average, the long
axis of the dogs' left ventricle deviated only 7° from the
sagittal plane and 22° from the transaxial plane.
For imaging the nonbeating heart in situ. a nongated
spin echo-pulsing sequence was used, obtaining 10sections,
spaced I em apart and having a slice thickness of 7 mm.
For imaging the beating heart in vivo, a gated spin echo-
pulsing sequence was used, consisting of five sections with
the same slice thickness and slice spacing as for the in situ
heart. Duringgated in vivo imaging, each of the five levels
of the left ventricle was imaged at different points of the
cardiac cycle. Care was taken to include the entire left
ventricular myocardium in one imaging sequence, which
was possible in all dogs during in situ nongated imaging
(10 slices). For the gated in vivo sequence (fi ve slices), in
Figure 1. Nonbeating insitu(upper row) and gated
in vivo (bottom row) mid-left ventricular nuclear
magnetic resonance images in three orthogonal
planes; transaxial(leftcolumn), short-axis (middle
column) and vertical long-axis (right column). Echo
delay time (TE) was 56 ms for the in situ images
and 28 ms for the in vivo images. The left ventric-
ular myocardium appeared dark on the in situ and
bright on the in vivo images.
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Table 1. Deviation of the Left Ventricular Long-Axis Plane
from Sagittal and Transaxial Planes in Nine Individual Dogs
Deviation from Deviation from
Dog No. Sagittal Plane (in") Transaxial Plane (in")
I 0 16
2 18 22
3 8 26
4 2 15
5 18 28
6 15 20
7 0 18
8 0 28
9 3 26
Mean 7.1 22.1
SO 7.8 5.1
some dogs with a larger left ventricle, the five slices did
not cover the entire left ventricle. Thus, a second sequence
3 em from the first sequence was used to obtain two over-
lapping sections and three sections of the remaining portions
of the left ventricle not covered in the first sequence. Each
in situ (10 sections) and in vivo (5 sections) sequence re-
quired approximately 8 minutes to acquire.
For imaging, a superconducting magnet with a field strength
of 0.35 tesla (Diasonics MTlS) with an aperture of 55 em
was used. Images were obtained on 128 X 256 matrix. The
number of averages for the transaxial and short-axis cuts
was four, and that for the long-axis images was two. The
spatial resolution was 1.7 mm in the plane of the slice. For
the in situ images, two images at each anatomic plane were
obtained with a repetition time (TR) of 1.0 second and echo
delay times (TE) of 28 and 56 ms. The repetition time value
for the in vivo images was dependent on heart rate. For
each anatomic plane, two images with delay times of 28
and 56 ms were obtained.
Measurements. In situ measurements were derived from
the second echo (56 ms) images because the contrast be-
tween the stagnant blood in the ventricular cavity and the
myocardium was markedly better than on the first echo (28
ms) images. All of the in vivo measurements were taken
from the first echo images, which provide better signal to
noise ratio and less blurring due to motion than do the second
echo images. Contrast between the flowing intraventricular
blood and the myocardium usually provided a sharp, easily
defined interface. However, slow flow of intraventricular
blood at the apex occasionally created an intraventricular
signal that obscured the intraventricular-myocardial inte~­
face in this region on the first echo image. In all cases, this
interface could be easily determined from the second echo
images and accurately mapped on the first echo images for
measurement.
Data analysis. The weight (W) of each tomographic cut
was determined according to the following formula:
W = S x H x SG,
where S represents the surface area, H represents the slice
spacing (which was 1 em) and SG represents the specific
gravity of the myocardium (considered to be 1.05). To de-
termine total left ventricular myocardial mass, the weights
of individual tomographic cuts were added according to
Simpson's rule. Depending on the tomographic plane used,
three basic methods were evaluated: method I using short-
axis cuts, method II using transaxial cuts and method III
using vertical long-axis cuts. In each method, all slices that
contained left ventricular cavity were entered into the total
left ventricular weight calculation regardless of the part of
the cardiac cycle they coincided with. During tomographic
imaging of the left ventricle, the first and last slices of the
heart in any view may not contain the myocardium in full
thickness. This phenomenon, called partial volume effect,
is recognized by imaged slices that do not contain the left
ventricular cavity.
Each of the three basic methods was evaluated in three
different ways with respect to the approach used to handle
the partial volume slices. The first approach was simply to
eliminate the partial volume slices from the measurement
(methods lA, IIA and IlIA). The second approach was to
include the partial volume slices in the measurements (meth-
ods IB, lIB and IIIB). With the third approach, the weight
of portions of the left ventricle that were subject to partial
volume effect were calculated from an orthogonal plane
(methods IC, IIC and IIIC). The specifics of these various
approaches are as follow:
In Method IA (partial volume slices excluded), the weights
of short-axis slices containing the left ventricular cavity were
added to one another, but the weight of partial volume slices
was excluded from the calculation. In method IB (partial
volume slices included), the weight of the apex that was
subject to partial volume effect was measured from the same
plane (short axis) and was added to the total left ventricular
weight measurement. In method IC (partial volume slices
corrected), the weight of the apex was determined from the
transaxial cuts (Fig. 2-1), which were orthogonal to short-
axis cuts. For this purpose, the apical portion of each tran-
saxial cut was separated from the rest of the left ventricular
myocardium by a line that ran parallel to the short-axis
cutting plane at the subendocardial level of the apex (Fig.
2-1). The weight of the apex on each cut was then calculated
according to the aforementioned formula and the results
were added to derive the total weight of the apex, which
was then added to the total left ventricular weight calcu-
lation.
In method IIA (partial volume slices excluded), the tran-
saxial tomographic cuts containing left ventricular cavity
were added to one another, but the weight of the partial
volume slices was excluded from the calculation. In method
lIB (partial volume slices included), the weight of most
superior and inferior transaxial cuts that did not contain left
ventricular cavity and were, thus, subject to partial volume
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Figure 2. Description of methods IC,
IIC and mc (with correction for par-
tial volume effect). In method IC(lop),
the weightof the left ventricular body
was derived from short-axis slices
(upper row), and the massof the par-
tial-volumed apex was derived from
the apical portion of transaxial slices
(lower row). In method lIC (middle),
the mass of the left ventricular body
was derived from the transaxial slices
(upper row), and the portions of the
left ventricle subject to partial volume
effect (superior and inferior portions
of the left ventricle) were calculated
from theshort-axis slices(lower row).
In method mc (bottom), the massof
the left ventricular body was derived
from the vertical long-axis slices (up-
per row), and the lateral and medial
portions of the left ventricle, which
were subject to partial volume effect
on vertical long-axis cutting, werecal-
culated from the corresponding por-
tionsof the left ventricle on short-axis
slices (lower row). In situ images are
shown.
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effect were added and included in the calculation. In method
IIC (partial volume slices corrected), the weights of the
superior and inferior portions of the left ventricle were de-
termined from the superior and inferior portions of the short-
axis cuts (Fig. 2-lI) and were added to the calculation.
In method lilA (partial volume slices excluded), the sum
of the weight of all vertical long-axis cuts containing the
left ventricular cavity was calculated, but the weight of the
partial volume slices was excluded from the calculation, In
method IllS (partial volume slices included), the weights
of most lateral and medial slices that were subject to partial
volume effect were calculated and included in the total left
ventricular mass measurement. In method IIIC (partial vol-
ume slices corrected), the weights of the lateral and medial
left ventricular regions were derived from the lateral and
medial portions of the short-axis cuts (Fig. 2-III) and were
added to the calculation. All methods were applied to both
the in vivo beating and in situ nonbeating images.
To measure the surface area of each cut, each image
was projected onto a screen, and an observer traced the
epicardial and endocardial left ventricular edges. The sur-
face area was determined by planimetry. The obtained value
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was converted into actual surface area (in crrr') by subjecting
to planimetry a 25 cnr' grid that was also photographed at
the same magnification as the left ventricular myocardial
slice.
Measurements were made for all left ventricular myo-
cardial slices by an independent observer who was unaware
of the actual left ventricular weights in any of the dogs. A
second independent observer also measured all in vivo short-
axis cuts and the apical portion of the transaxial cuts in order
to evaluate the interobserver variability for method IC.
To determine the change in myocardial short-axis cross-
sectional area in a particular imaging plane at two different
points of the cardiac cycle, we calculated the cross-sectional
area of nine short-axis slices both in diastole and during
systole (Table 2).
Statistical analysis. Left ventricular myocardial weights
of all dogs by NMR imaging were compared with actual
measurements for each method using least-squares linear
regression analysis in which the correlation coefficient (r),
the intercept, the standard error of the intercept, the slope
of correlation, the standard error of the slope as well as the
standard error of the estimate (SEE) were determined. Prob-
ability (p) values were also calculated for overall signifi-
cance of correlation (overall p). For each method, we also
tested, both individually and simultaneously, whether the
intercept was different from zero and whether the slope was
different from unity. For each method, the 95% simulta-
neous confidence intervals were calculated assuming an in-
tercept of zero and a slope of I. The intraclass correlation
coefficient was calculated to determine the degree of reli-
ability between observers (interobserver reliability) and to
obtain an estimate of the standard error of the estimate.
Results
Change in myocardial short-axis cross-sectional area
at two different parts of the cardiac cycle. Table 2 com-
pares the cross-sectional area of nine short-axis cuts (se-
Table 2. Change in Myocardial Cross-Sectional Area in
Short-Axis Imaging Plane at Two Different Points of the
Cardiac Cycle in Nine Dogs
Dog No. During Systole (crrr') During Diastole (cm-)
I 11.2 12.3
2 10.9 11.0
3 14.6 13.1
4 12.5 12.0
5 17.1 15.0
6 18.4 18.2
7 22.8 18.4
8 18.2 16.8
9 12.4 12.9
Mean 15.3 14.4
SD 4.0 2.8
lected from the nine dogs) that were imaged both in diastole
and during systole. All nine paired images contained left
ventricular cavity and were, thus, not subject to the partial
volume effect. The mean ± standard deviation (SD) cross-
sectional area was 14.4 ± 2.8 cnf in diastole and 15.3±
4.0 crrr' during systole. The two measurements were not
significantly (p > 0.05) different from each other.
In situ measurement of left ventricular myocardial
mass excluding partial volume slices (Fig. 3A and Table
3A). Failure to correct for the myocardial regions subject
to partial volume effect was associated with proportional
errors for all three methods. The error was toward under-
estimation of the actual left ventricular myocardial mass as
evidenced by regression line slopes (0.77, 0.85 and 0.47
for methods lA, IIA and IlIA, respectively) that were sig-
nificantly (p < 0.01, 0.05 and 0.01, respectively) less than
unity. Such underestimation was greater for method IlIA
than for methods IA and IIA (slopes: 0.47 versus 0.77 and
0.85, respectively). Despite an overall underestimation,
methods IA and IIA had a high correlation coefficient and
a small standard error of the estimate. In comparison with
methods IA and IIA, method IlIA had a relatively lower
correlation coefficient (0.884 versus 0.989 and 0.988, re-
spectively) and larger standard error of the estimate (8.65
versus 4.01 and 4.61, respectively).
Effect of including the partial volume slices on in situ
measurement of left ventricular mass (Fig. 3B and Table
3B). Inclusion of partial volume cuts from the same plane
resulted in marked improvement in the slope of regression,
from 0.77 to 0.94 for method I, from 0.85 to 0.96 for method
II and from 0.47 to 0.81 for method III. This improvement
in slope of correlation implied a better one to one approx-
imation of left ventricular mass by in situ nuclear magnetic
resonance imaging. The correlation coefficients, the inter-
cepts and the confidence intervals also improved, albeit less
markedly. Methods IB and liB had lower standard errors
of the estimate (3.38 and 3.80, respectively) than method
mn (10.26).
Effect of correcting for partial volume effect, using
cuts from an orthogonal plane, on in situ measurement
of left ventricular mass (Fig. 3C and Table 3C). The
correlation coefficient was high for all three methods (0.993,
0.996 and 0.980; methods IC, IIC and IIIC, respectively).
The constant error, as reflected in the intercept value, was
smallest for method IC (0.5) and was highest for method
IIC (-14.2). Similarly, the proportional error, as reflected
in the difference of slope value from 1.0, was smallest with
method IC (0.94) and largest with method lIC (1.3). The
standard error of the estimate was smallest with method IC
(3.92) and largest with method mc (6.06). With method
IIC, the intercept and slope were significantly (p < 0.01)
different from zero and unity, respectively. The simulta-
neous test of intercept and slope reached statistical signif-
icance (p < 0.05) for methods IIC and me. With this
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Figure 3. In situ nuclear magnetic resonance imaging (MRI) de-
termin ation of left ventricular mass. The columns represent meth-
ods I. ri and III. and the row s represent three approaches to
handling partial volume effect (A, B and C) within each method.
On each graph. the solid line represents the line of identity. the
center dashed line represents the regression line and the two
dashed lines around the regression line represent the 95% con-
fidence interval. In comparison with methods IIA and lA, method
lil A was associa ted with a lower correlation coefficient (r) . larger
standard error of the estimate (SEE) and larger underestimation .
Inclusion of partial volume slices from the same plane (methods
IB, lIB and IIIB) improved the nuclear magnetic resonance mass
determination. Overall. methods IB and lIB were more accurate
than method IIIB. Method Ie provided an overall better estimat e
of left ventricular mass.
approac h. method IC provided an ove rall better estimate of
left ventricular mass than did methods IIC and I1Ie.
In vivo measurement of left ventricular mass exclud-
ing the partial volume slices (Fig. 4A and Table 4A).
For methods IA and IlIA, the in vivo imaging data were
available for eight of the nine dogs. When partial volume
slices were not includ ed in the measurement , all three meth-
ods underestimated left ventricular mass (slope: 0.88 , 0 .49
and 0.49 for methods lA, I1A and iliA , respectively) . The
degree of undere stimation was greater with methods IIA and
iliA as compared with method IA. The correlation coeffi-
cient was low for methods I1A and IlIA compared with
methodlA (0.799 and 0 .756 versus 0 .988, respectively) .
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Table 3. Comparison of the Methods for In Situ Left Ventricular Mass Determination
Standard Standard
Overall Error of Error of Simultaneous
Method p Value Intercept Intercept Slope Slope SEE p Value
A. Excluding the partial volume slices
I 0.989 0.001 3.9 3.35 0.77t 0.04 4.01 0.01
II 0.988 0.001 - 6.2 3.86 0.85' 0.05 4.61 0.01
III 0.884 0.01 6.4 7.24 0.47 t 0.09 8.65 0.01
B. Including the partial volume slices
I 0.995 0.001 - 2.2 2.83 0.94 0.03 3.38 0.01
II 0.994 0.001 -0.4 3.18 0.96 0.04 3.80 NS
III 0.941 0.001 -0.2 8.60 0.81 0.11 10.26 0.05
C. With correction for partial volume effect using an orthogonal plane
I 0.993 0.001 0.5 3.28 0.94 0.04 3.92 NS
II 0.996 0.001 - 14.2t 3.40 1.3It 0.04 4.06 0.01
III 0.980 0.001 1.I 5.08 0.87 0.06 6.06 0.05
' p < 0.05 (individual test of intercept = 0.0 or slope = 1.0); t p < 0.01 (individual test of intercept = 0.0 or slope = 1.0). NS = not significant;
p = probability; r = correlation coefficient; SEE = standard error of the estimate.
Likewise , the intercept , standard error of the estimate and
confidence intervals were worse for methods IIA and IlIA
compared with method IA:
Effect of including the partial volume slices on in vivo
measurement of left ventricular mass (Fig. 4B and Table
4B). Method IIIB markedly improved measurement of mass
(compared with method IlIA ) with respect to the correlation
coefficient (from 0.756 to 0.940) as well as the slope (from
0.49 to 1.01) . Method lIB did not improve and method IB
improved with respect to the slope (from 0.88 to 0.91 ,
respectively) , Method IA was associated with a smaller
standard error of the estimate (4 .93) than methods lIB and
IIIB (14.05 and 13.38, respectively).
Effect of correcting for partial volume effect, using
cuts from an orthogonal plane, on in vivo measurement
of left ventricular mass (Fig. 4C and Table 4C). Com-
pared with the corresponding uncorrected methods, correc-
tion for partial volume effect from an orthogonal view im-
proved the correlation coefficient, intercept and slope for
all methods and improved the standard error of the estimate
for method I only. Although the correlation coefficient for
each of the three methods was high, it was the highest for
method IC as compared with methods IIC and IIIC (0.996
versus 0.872 and 0,909, respectively). Moreover, the stan-
dard error of the estimate for method IC was 3.14 , which
was markedly better than those of methods IIC and IIIC,
which were 19.03 and 17.58 , respect ively .
Interobserver variability. The interobserver reliability
coefficient and standard error of the measurement (SEM)
for in vivo slice weight determination were , respectively,
0.91 and 1.24 for the 29 transaxial slices , 0.88 and 2.12
for the 24 vertical long-axis slices and 0.95 and 1.20 for
the 32 short-axis slices. The mean ± SO in vivo left ven-
tricular mass in the eight dogs that were analyzed was 78 .6
± 34.6 by observer I and 77 .68 ± 32.3 by observer 2.
The interobserver reliability coefficient and SEM for in vivo
total left ventricular mass determination were 0 .97 and 5.4,
respectively.
Discussion
In this study , various methods for measurement of in
vivo and in situ left ventricular myocardial mass from nu-
clear magnetic resonance (NMR) images of the heart were
proposed and compared. All three methods used Simpson' s
rule for calculating left ventricular myocardial volume, which
was then multiplied by specific gravity of the myocardium
(1.05) to yield left ventricular myocardial mass. By Simp-
son' s rule , the volume of the left ventricular myocardium
is determined by adding the individual volumes of multiple
slices that are obtained parallel to one another and encom-
pass the entire left ventricle . Unlike other methods, Simp-
son's rule is not based on geometric assumptions and is,
therefore , expected to yield reliable results in both normally
and abnormally shaped ventricles . The three basic method s
in this study differed with respect to choice of tomographic
planes that were used to reconstruct the entire left ventricle
according to Simpson 's rule . Each method was also eval -
uated excluding, including and correcting for slices subject
to partial volume effect.
In situ NMR imaging for left ventricular mass deter-
mination. Our results demonstrate that when partial volume
slices are excluded, left ventricular mass is underestimated
by all three methods. This underestimation and the standard
error of the estimate were the greatest with method IlIA,
suggesting that when the cutting plane is in the vertical long-
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Figure 4. In vivo nuclear magnetic resonance image (MRI) de-
termination of left ventricular mass excluding the partial volume
slices. The columns represent methods I, II and III, and the rows
represent three different approaches to handling partial volume
effect (A, B and C) within each method. On each graph, the solid
line represents the line of identity, the center dashed line rep-
resents the regression line and the two dashed lines around the
regression line represent the 95% confidence interval. All three
methods (lA, IlA and IlIA) underestimated left ventricular mass.
The degree of underestimation , correlation coefficient, (r), stan-
dard error of the estimate (SEE) and confidence intervals were less
accurate using methods IlA and lIlA compared with method IA.
Method IB provided an overall better estimate of in vivo left
ventricular mass than methods IIA and I1IB . Method I had the
highest correlation coefficient, the smallest SEE, and the best
confidence interval.
axis orie ntation (para lle l to the lon g axis of the left ven-
tricle), a re latively larger portion of the left ventricular myo-
cardium may be subject to the part ial volume effect . re-
sulting in a larger underestimat ion of act ua l left ve ntric ular
weight. We also observed that the standard error of the
es timate was largest wi th meth od IlIA and sma llest wi th
method IA , suggesting that the larger the port ion s of the
left ventricle that are e limi nated from calculatio n (because
of pa rtial volume effect) . the larger the random error of the
measurement. If partial volu me slices are incl ude d for left
ventricular mass calculation, a closer one to one relat ion
between NMR imaging measureme nts and the actual left
ventricular we ights was observed . These findings suggest
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Table 4. Comparison of the Methods for In Vivo Left Ventricular Mass Determination
Standard Standard
Overall Error of Error of Simultaneous
Method p Value Intercept Intercept Slope Slope SEE p Value
A. Excluding the partial volume slices
I 0.988 0.001 5.4 4.24 0.88 0.05 5.01 NS
II 0.799 0.011 19.6 10.92 0.49t 0.14 13.03 0.01
III 0.756 0.05 18.4 13.91 0.49* 0.17 15.52 0.05
B. Including the partial volume slices
I 0.989 0.001 11.6* 4.17 0.91 0.05 4.93 0.05
II 0.762 0.05 32.7* 11.77 0.47* 0.15 14.05 0.05
III 0.939 0.001 3.8 11.99 1.00 0.15 13.38 NS
C. With correction for partial volume effect using an orothogonal plane
I 0.996 0.001 8.3* 2.66 0.99 0.03 3.14 0.01
II 0.872 0.01 14.0 15.94 0.97 0.20 19.03 NS
1II 0.909 0.01 9.4 15.75 1.06 0.20 17.58 NS
*p < 0.05 (individual test of slope = 1.0); tp < 0.01 (individual test of slope = 1.0). Abbreviations as in Table 3.
that when imaging of all slices at end-diastole is possible,
either axial or short-axis imaging, with inclusion of partial
volume slices in the calculation, may be accurate for mea-
suring left ventricular mass. Florentine et al. (24) used end-
diastolic images of the left ventricle in the transaxial plane
and showed a good relation (r = 0.95, SEE = 13.1) be-
tween NMR imaging and actual left ventricular mass. This
method is similar to our in situ (nonbeating) heart method
liB. The experimental study of Keller et al. (25) may be
considered similar to our in situ (nonbeating heart) meth-
od lB.
In vivo nuclear magnetic resonance measurement of
left ventricular mass. When partial volume slices were
excluded, in vivo methods IIA and IlIA markedly and in
vivo method IA slightly underestimated the actual left ven-
tricular weight. The standard error of the estimate, however,
was larger with in vivo methods IIA and IlIA than with the
same methods applied to the in situ images. This increased
error is probably related to the fact that slices were imaged
at different points of the cardiac cycle and total heart motion
during systole may move a region of the myocardium into
or out of a given tomographic plane. Our data suggest that
the error incurred by this mechanism is greater when the
cutting plane orientation is perpendicular to the short axis
of the left ventricle (that is, transaxial and vertical long-
axis planes). However, no significant change in slice cross-
sectional area was noted when the imaging plane was per-
pendicular to the long axis of the left ventricle (Table 2),
When the partial volume slices were included, NMR left
ventricular mass measurement improved with methods IB
and I1IB, but did not improve with method II. This relative
inaccuracy of method II may be explained by the fact that
some difficulty was encountered in determining the inferior
portion of the left ventricle (which was subject to the partial
volume effect) and distinguishing it from the diaphragm in
the in vivo model. When correction for partial volume effect
was accomplished by using an orthogonal plane, a better
slope and intercept relation among the NMR and actual left
ventricular mass was observed for all three methods; how-
ever, the standard error of the estimate was 19.03 for method
II and 17.58 for method III. Overall, in contrast to the
in situ condition in which both partial volume corrected
methods I and II were accurate, in vivo determination of
left ventricular mass was best accomplished by method I.
It is likely that the accuracy of methods I and III would be
improved by imaging all slices in diastole.
Reliability of measurements. In this study, the endo-
cardial and epicardial left ventricular edges were determined
subjectively. Nevertheless, interobserver reliability was high
on a slice by slice basis for in vivo nuclear magnetic res-
onance images. For total left ventricular mass determination
in vivo, the interobserver reliability was also high and the
standard error of the measurement was small. Computerized
automation of NMR left ventricular edge determination is
expected to improve the reliability of the measurements in
the future.
Clinical implications. This study demonstrates that when
NMR imaging sequences using multiple phases of the car-
diac cycle are employed, left ventricular myocardial mass
in the beating dog heart in vivo can best be approximated
by magnetic resonance tomograms oriented in the short-axis
plane of the heart. With a given NMR imaging system,
imaging of all slices at end-diastole is feasible, axial plane
imaging may be as accurate as short-axis plane imaging.
The technique of end-diastolic imaging of all slices may,
however, take longer time.
Because the standard orthogonal planes of NMR imaging
units are not oriented in the short-axis plane of the human
heart, it may be necessary to change the body's position
inside the magnet (26) or preferably to alter electronically
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the orientation of the NMR imaging tomographic plane (27).
The small standard error of estimate makes NMR imaging
ideally suited for the noninvasive determination of left ven-
tricular myocardial mass in humans. Such measurement may
allow the diagnosis of left ventricular hypertrophy with a
higher accuracy than that of two-dimensional echocardi-
ography. Because NMR imaging is noninvasive, it can be
used repeatedly to assess changes in left ventricular myo-
cardial mass and to determine the effect of therapeutic in-
terventions in patients with left ventricular hypertrophy. It
can also be used to assess the development of compensatory
myocardial hypertrophy in patients after myocardial infarc-
tion. Proton NMR imaging is currently under evaluation for
tissue characterization (28-40) and differentiation of in-
farcted from normal myocardium (30-39). The methods
described herein might find application not only to mea-
surement of total left ventricular myocardial mass, but also
to quantification of the volume of an infarct. a measurement
likely to correlate closely with prognosis in ischemic heart
disease.
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